A total of 104 polypeptides were purified from the low-molecular-mass secretory proteome of Mycobacterium tuberculosis H 37 Rv using a combination of anion exchange column chromatography and high resolution preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by electroelution. The goal of this study was to identify polypeptides from a low-molecular-mass secretory proteome recognized by human subjects infected with M. tuberculosis and to ascertain the differences in specificity of antigen recognition by the peripheral blood mononuclear cells (PBMCs) and pleural fluid mononuclear cells (PFMCs) of these individuals. The study identified CFP-8 (Rv0496), CFP-11 (Rv2433c), CFP-14.5 (Rv2445c), and CFP-31 (Rv0831c) as novel T-cell antigens apart from previously characterized ESAT-6, TB10.4, CFP10, GroES, MTSP14, MTSP17, CFP21, MPT64, Ag85A, and Ag85B on the basis of recognition by PBMCs of tuberculosis contacts and treated tuberculosis patients. Further, polypeptides prominently recognized by PFMCs of tuberculous pleurisy patients were the same as those recognized by PBMCs of healthy contacts and treated tuberculosis patients. The results of our study indicate the homogeneity of antigenic target recognition by lymphocytes at the site of infection and at the periphery in the human subjects studied and the need to evaluate these antigenic targets as components of future antituberculous vaccines.
Tuberculosis (TB) is one of the major infectious diseases for which no effective vaccine is currently available. Identification of key antigenic targets of the protective human immune response against Mycobacterium tuberculosis is central to the development of an efficacious vaccine against tuberculosis. Secretory proteins of mycobacteria are found to be the major targets of immune recognition during initial stages of infection in various animal models (5, 21, 35) and in humans (12, 20) . Subunit vaccines based on culture filtrate proteins (CFPs) of mycobacteria are shown to impart significant levels of protective immunity in different animal models of experimental tuberculosis (1, 6, 23, 34, 39) . The secretory proteome of M. tuberculosis consists of numerous actively secreted components, of which many are unique to M. tuberculosis (4, 44, 56, 57) . A comparative evaluation of the individual components of the M. tuberculosis secretory proteome in terms of the magnitude of the immune response induced in human subjects is lacking, and this response needs to be evaluated to identify mycobacterial molecules relevant for human immunity to TB. However, identification of such candidate antigens has to rely on hypothetical correlates of protective immunity.
Though not completely understood as yet, cell-mediated immunity is thought to play an important role in resistance to TB. The circulating T-cell response as well as that at the site of infection is considered important. Gamma interferon (IFN-␥) production and a shift in favor of the type 1 over the type 2 immune response are generally regarded as the correlates of protective immunity. The peripheral blood mononuclear cell (PBMC) responses of tuberculin skin test-reactive healthy contacts of TB patients and those of healed TB (memory immune) subjects are suggested as the model of protective immunity against TB (12, 21, 22, 43, 59 ). According to this hypothesis, antigens recognized by T lymphocytes of this group (i.e., sensitized/infected) but not by those of active TB patients (i.e., diseased) should be considered important for vaccine development.
On the other hand, antigens recognized by pleural fluid mononuclear cells (PFMCs) of patients with tuberculous pleuritis are thought to be useful for development of an anti-TB vaccine (31) . Unlike other forms of TB, pleuritis usually resolves without chemotherapy (41) and provides another model to understand immune mechanisms critical for resistance against M. tuberculosis (7). The screening of individual molecules of the secretory proteome of M. tuberculosis in these human models of immunity may lead to identification of vaccine candidates against TB.
During recent years, components of the culture filtrate have been investigated by using narrow-molecular-mass fractions as a guide to identify immunologically active molecules (2) . Attempts to screen human immune responses against these narrow-molecular-mass fractions demonstrate that low-molecular-mass proteins are prominently recognized by T lymphocytes (12, 20) , while high-molecular-mass proteins are the major targets of B lymphocytes and induce humoral immune responses (26, 27) . In view of the potential of lowmolecular-mass polypeptides to augment protective cell-medi-ated immune responses in humans, we purified 104 polypeptides (bands) from the low-molecular-mass (Ͻ40 kDa) secretory proteome of M. tuberculosis and evaluated them for recognition by leukocytes from the above-mentioned models of human immunity to TB.
MATERIALS AND METHODS

Growth of M. tuberculosis H 37 Rv and isolation of culture filtrate proteins.
Culture filtrate proteins of M. tuberculosis H 37 Rv obtained from the National Collection of Type Cultures (London, United Kingdom) were isolated by growing tubercle bacilli in Youman's modified liquid synthetic medium (48) as a stationary pellicle culture. Briefly, bacilli were grown as surface culture in medium for different time periods ranging from 2 weeks to 8 weeks at 37°C. The culture supernatants were filter sterilized (0.22-m-pore-size membrane filter) and concentrated 100 times by ultrafiltration on an Amicon YM-3 membrane (Millipore, Bedford, MA). The concentrated proteins were desalted by extensive washing in an ultrafiltration chamber with distilled water, with a final exchange in phosphate-buffered saline (PBS; pH 7.2), and were designated RvCFP (culture filtrate proteins of M. tuberculosis H 37 Rv). The RvCFP were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 16% resolving gels (28), followed by silver staining (32) .
Purification of CFPs. Individual CFPs were purified using a combination of anion exchange column chromatography and high-resolution preparative SDS-PAGE followed by electroelution. Briefly, the RvCFP (200 mg) was separated using DEAE-Sepharose-CL-6B (Sigma, St. Louis, MO) column chromatography as described by Nagai et al. (33) with some modifications.
Step gradients of sodium chloride (50 mM to 1 M) in 30 mM Tris-hydrochloride equilibration buffer (pH 8.7) containing 3% (vol/vol) methylcellosolve were used for the elution of proteins. Each fraction was read at 280 nm, and every alternate fraction was analyzed by 16% SDS-PAGE followed by silver staining. The peak fractions of each NaCl gradient having similar protein profiles were pooled. Each chromatography protein pool was subsequently probed with a panel of known monoclonal antibodies (MAb) or polyclonal monospecific antibodies (PAb) to identify previously defined CFPs by enzyme-linked immunosorbent assay (ELISA) and Western immunoblotting (51) . The antibodies (protein; H 37 Rv no.) CS-18 (SOD; Rv3846), ␣-MPT-53 (MPT-53; Rv2878c), IT-3 (GroES; Rv3418c), IT-4 (16-kDa alpha-crystallin; Rv2031c), IT-20 (14-kDa alpha-crystallin truncated; Rv2031c), IT-10 (20.5-kDa uncharacterized protein), IT-12 (19-kDa lipoprotein; Rv1677), IT-23 (PstS; Rv0934), IT-44 (CFP-32; Rv0577), IT-49 (Ag85 complex; Rv3804c, Rv1886c, and Rv0129c), IT-52 (MPT-51; Rv3803c), IT-59 (33-kDa uncharacterized protein), IT-69 (CFP-20; Rv1932), mc9246 (28-kDa uncharacterized protein), IT-56 (GroEL; Rv0440), CS-44 (GroEL; Rv0440), and IT-57 (KatG/peroxidase complex; Rv1908c) were obtained from the World Health Organization collection (47), while PV-2 (TB 10.4; Rv0288), HYB76-8 (ESAT-6; Rv3875), L24-B4 (MPT-64; Rv1980c), K8483 (CFP-21; Rv1984c), and K8493 (CFP-10; Rv3874) were a kind gift from I. Rosenkrands, Statens Serum Institute, Copenhagen, Denmark. All the MAb and PAb were used according to the instructions provided and have been described previously (47) . Proteins of each chromatography pool (5 to 10 mg) were resolved by high-resolution preparative SDS-PAGE (gel dimensions, 16 cm by 14 cm by 1.5 mm) (Hoefer SE 600; Amersham Pharmacia Biotech Inc., San Francisco, CA) overnight under reducing conditions. Longitudinal strips were cut from the right and left sides of the preparative gel and stained with silver nitrate. Stained gel strips were aligned to the edges of unstained gel and used as guide to cut out individual bands from the unstained gel (11) . Fine horizontal strips (Ͻ1 mm) were excised from the gel and transferred to an electroeluter (Bio-Rad Laboratories, Hercules, CA). Electroelution was carried out at 250 V for 4 h using 25 mM Tris-192 mM glycine electroelution buffer (pH 8.3). The electroeluted proteins were aspirated, and the buffer was exchanged to PBS (pH 7.2) and concentrated on a centricon concentrator (Millipore, Bedford, MA) with a 3-kDa cutoff membrane. The protein concentration was estimated by a Micro bicinchoninic acid (Sigma, St. Louis, MO) method and analyzed by SDS-PAGE and silver staining. The identity of electroeluted proteins was confirmed by reactivity with known MAb/PAb in ELISA, and polypeptides were subsequently stored at Ϫ20°C.
Study population. Four patients with tuberculous pleurisy (all males; mean age [years], 40 Ϯ 4) admitted to Nehru Hospital, PGIMER, Chandigarh, India, participated in this study. All patients were diagnosed on the basis of chest roentgenogram. Furthermore, patients with tuberculous pleuritis demonstrated granulomatous pleuritis on closed pleural biopsy, and smear and cultures of sputum or pleural fluid were positive for acid-fast bacilli. All patients had unilateral exudative pleural effusion with predominance of mononuclear cells and were investigated at the onset of antibiotic treatment. Healthy medical, paramedical, and laboratory subjects (n ϭ 7; 3 male [mean age, 33 Ϯ 5] and 4 female [mean age, 31 Ϯ 4]) who had direct contact with tuberculosis patients were termed tuberculosis contacts and were used as categorical representatives of the immune population if they were Mantoux test positive and culture negative for more than 6 months and had normal chest roentgenograms. Healthy treated cases with healed tuberculosis and no history of relapse were categorized as memory immune individuals (n ϭ 6; 3 male [mean age, 29 Ϯ 1] and 3 female [mean age, 30 Ϯ 1]) and were investigated after at least 1 year of completion of treatment. Active pulmonary TB was excluded from healthy contacts and treated TB patients by sputum smears for acid-fast bacilli. All the healthy individuals were evaluated for tuberculin skin test positivity, where induration responses above 10.0 mm were considered as Mantoux positive. All the study subjects used in the study had received Mycobacterium bovis BCG as childhood vaccination and were human immunodeficiency virus negative. Samples of peripheral blood by venipuncture and/or pleural fluid by thoracentesis were collected from the study subjects with prior consent, and the study was approved by the Institutional Ethics Committee.
Isolation of mononuclear cells and proliferation assay. Mononuclear cells were isolated from pleural fluid and peripheral blood by Ficoll-Hypaque density centrifugation. PBMCs or PFMCs (2 ϫ 10 5 ) were added to wells of 96-well flat-bottom sterile tissue culture plates (Greiner Bio-One, Germany) in 0.2 ml of RPMI 1640 supplemented with 100 IU/ml penicillin, 50 g/ml streptomycin, 1 mM L-glutamine (all from Sigma, St. Louis, MO), 25 mM HEPES (Fluka, Switzerland), 1 mM sodium pyruvate (SRL, Mumbai, India), 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol, and 10% heat-inactivated autologous serum. Individual purified CFPs (2 g/ml), RvCFP (2 g/ml), and purified protein derivative (PPD; 2 g/ml) were used for in vitro stimulation. Phytohemagglutinin (PHA) (Sigma, St. Louis, MO) at a concentration of 1 g/ml was used as a positive control for cell reactivity and viability. Control wells contained responder cells in RPMI 1640 medium alone for determination of background proliferation. Cultures were incubated for 5 days at 37°C in a humidified atmosphere containing 5% CO 2 . Cell proliferation was measured by the incorporation of [ 3 H]thymidine (BARC, Mumbai, India) that was added at 0.25 Ci per well for the final 18 to 22 h of culture. The cells were harvested onto glass fiber filters using the Nunc cell harvester (Intermed, Denmark), and the incorporated radioactivity was measured in a LKB Rack Beta liquid scintillation counter (model 1214; LKB-Wallac, Palo Alto, Calif). The proliferative responses were expressed as stimulation indices (SI). The SI was calculated by dividing mean counts per minute in antigen-stimulated wells by mean counts per minute in unstimulated wells.
IFN-␥ assay. Levels of IFN-␥ released in culture supernatants of PBMC and PFMC cultures after in vitro stimulation with test antigens at day 5 were estimated using a human IFN-␥ ELISA reagent set (Opt EIA set; BD Pharmingen, San Diego, Calif). The assay was performed per the manufacturer's instructions. IFN-␥ concentration was expressed in pg/ml, and the detection limit of the assay was 2.35 pg/ml.
Detection of antigen-specific serum IgG antibody levels. Total immunoglobulin G (IgG) antibody specific to individual CFPs and complex mycobacterial antigens of RvCFP and PPD was estimated in sera of study subjects by ELISA. Individual or complex antigens, suspended at a concentration of 2 g/ml in 100 l of coating buffer, were allowed to bind to wells of ELISA plates (Greiner Bio-One, Germany,) for 2 h at 37°C. After three washes with PBS-Tween 20 (0.05%) (PBS-T), the wells were blocked with 3% bovine serum albumin (BSA) in PBS-T overnight at 4°C. Serum samples (100 l) of healthy subjects were added per well at a 1:100 dilution in PBS-T containing 1% BSA. Antigen antibody binding was allowed to proceed for 2 h at 37°C. The plates were washed four times with PBS-T, and 100 l of horseradish peroxidase-conjugated goat anti-human IgG (Sigma, St. Louis, MO) diluted 1:1,000 in PBS-T containing 1% BSA was added per well. After 90 min the plates were washed six times with PBS-T. The reaction was developed with o-phenylenediamine and hydrogen peroxide in citrate substrate buffer (pH 5.0). The optical density at 492 nm (OD 492 ) was read after the reaction was stopped with 50 l of 1 M H 2 SO 4 .
Characterization of selected CFPs. Selected CFPs were characterized by amino acid sequence analysis and liquid chromatography-tandem mass spectrometry (LC-MS/MS). To obtain the N-terminal amino acid sequence of selected proteins, CFPs were resolved by SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA) by electroblotting with cyclohexylaminopropane sulfonic acid buffer containing 10% methanol. The membrane was stained with 0.1% Coomassie brilliant blue in 10% acetic acid and destained with a solution of 50% methanol-10% acetic acid. Immobilized proteins were subjected to automated Edman degradation. To determine the se-
quence of internal peptide fragments, selected CFPs were subjected to LC-MS/MS as described previously (19) .
RESULTS
Isolation of culture filtrate proteins of M. tuberculosis H 37 Rv and purification of individual polypeptides (bands).
The 2-, 4-, 6-, and 8-week-old culture filtrates were monitored for the presence of the 65-kDa GroEL homolog (HSP-65) by ELISA using IT-56 and CS-44 MAb reactive against GroEL as a marker of autolysis. No reactivity was observed in the 2-and 4-week-old culture filtrates of M. tuberculosis demonstrating an absence of autolysis, while detectable autolysis in 6-week-old culture filtrate and 8-week-old culture filtrate was observed (data not shown). Therefore, 4-week-old culture filtrate was used for further isolation of individual CFPs (Fig. 1A) . The yield of M. tuberculosis H 37 Rv secretory proteins after 4 weeks of stationary growth was 18 Ϯ 2 mg/liter.
RvCFP was first separated on a DEAE-Sepharose CL-6B column using step gradients of 50 mM, 100 mM, 150 mM, 200 mM, 250 mM, 300 mM, 350 mM, and 1 M sodium chloride in Tris-hydrochloride (pH 8.6) buffer containing 3% methylcellosolve. Alternate column chromatography fractions were resolved by 16% SDS-PAGE, and the fractions were pooled based on similarities in protein profiles as described in Materials and Methods. Each pool consisted of five fractions with the same protein profiles that eluted in the same peak region of the gradient. Each chromatography pool was subsequently analyzed by SDS-PAGE. Nine different pools with markedly different band composition were obtained (Fig. 1B) and used for further purification.
Before separation by preparative SDS-PAGE, protein pools were analyzed for reactivity with TB patients and healthy human sera, as well as with a panel of MAb to facilitate further purification and characterization. The polypeptides in the region of 25 kDa to 30 kDa and of higher molecular mass from all the pools were prominently recognized by antibodies present in the sera of both healthy individuals ( Fig. 2A ) and TB patients (Fig. 2B) . Moreover, polypeptides from the secretory proteome below 40 kDa have been previously demonstrated to contain molecules strongly recognized by CD4 ϩ and CD8 ϩ T lymphocytes of human subjects (12, 58) . Therefore, efforts were focused on exploring the mycobacterial secretory proteome below 40 kDa. To identify previously defined proteins of mycobacteria, chromatography protein pools were subjected to reactivity with a panel of known MAb/PAb by ELISA and Western immunoblotting (data not shown). All CFPs were efficiently resolved into different pools obtained by DEAE Sepharose CL-6B column chromatography as evident from the reactivities with different antibodies.
Further, the panel of known MAb/PAb reactive against lowmolecular-mass CFPs allowed the mapping and identification of previously known mycobacterial proteins from the low-molecular-mass (Ͻ40-kDa) secretory proteome of M. tuberculosis H 37 Rv. The proteins identified were TB 10.4 (5 kDa), ESAT-6 (6 kDa), CFP10 (10 kDa), GroES homolog/HSP-10 (10 to 12 kDa), alpha-crystallin homolog (14- Individual polypeptide bands of different molecular masses were subsequently purified from different chromatography protein pools using high-resolution preparative SDS-PAGE and electroelution. Polyacrylamide concentrations of 16%, 14%, and 12% were chosen for optimal resolution of molecules between 3 to 15, 15 to 25, and 25 to 40 kDa, respectively. The electroeluted polypeptides were analyzed by SDS-PAGE, and impure fractions were eliminated (data not shown). The preliminary characterization of purified polypeptides (bands) in terms of apparent reactivity with available known MAb was performed (Table 1) . In all, 104 polypeptides (SDS-PAGEseparated bands) were purified and were evaluated in the study of human immune responses.
Evaluation of purified polypeptides for recognition by PBMCs of immune human subjects. PBMCs obtained from immune donors consisting of healthy Mantoux-positive TB contacts and memory immune treated TB individuals were subjected to in vitro stimulation with purified polypeptides. The lymphocyte activating potential of individual purified polypeptides was evaluated on the basis of DNA synthesis using a [ 3 H]thymidine uptake assay, while T-lymphocyte and B-lymphocyte activating abilities were evaluated on the basis of estimates of IFN-␥ levels and serum antibody levels, respectively.
The T-and B-cell responses of two immune populations, i.e., healthy TB contacts and treated TB patients, were found to be directed toward the same set of polypeptides. The screening of purified polypeptides demonstrated predominant recognition of multiple low-molecular-mass polypeptides below 15 kDa by T cells, while antibody reactivity was found to be directed toward polypeptides above 15 kDa, most notably those clustered in the region of 30 kDa. On the basis of the lymphoproliferation assay results, it is clear that several yet uncharacterized key antigen targets exist in the culture filtrate. Out of 104 polypeptides screened for recognition of PBMC, 84 polypeptides were found to induce significant lymphoproliferative responses with T cells from PPD-positive healthy individuals (Fig. 3A to C) , using a median SI of 3.0 as the positive cutoff value. From this same study population, the levels of IFN-␥ in the culture supernatants in response to stimulation with individual polypeptides were quantified and expressed as median responses (pg/ml) (Fig. 3D to F) . Although IFN-␥ released in the culture supernatants did not correlate with cellular proliferation in response to every polypeptide, the polypeptides below 15 kDa were found to induce prominent lymphoproliferative as well as IFN-␥ responses. Maximum lymphocyte proliferation was observed in response to polypeptide number 38 (median SI, 37.25), while the highest levels of IFN-␥ in culture supernatants was observed in response to polypeptide number 40 (median IFN-␥, 406.0 pg/ml). The top 10 polypeptides, which induced prominent T-cell responses in terms of SI and IFN-␥ released in culture supernatants, were numbers 36, 38, 39, 40, 41, 42, 43, 44, 47, and 79. These polypeptides were prominently recognized not only by T lymphocytes of healthy tuberculosis contacts but also by the T cells of memory immune subjects, indicating marked homogeneity in the recognition of low-molecular-mass polypeptides by these two immune populations.
Antigen-specific B-cell responses were evaluated by estimating serum IgG antibody levels against individual antigens and expressed as the median OD 492 . Maximum antibody levels in the sera of the study subjects were observed for polypeptide number 102 (median OD, 0.580), while 15 other polypeptides exhibited high antibody (IgG) levels (cutoff value of 0.402) (Fig. 4A to C) . The positive cutoff was set by using the mean OD of the TB-negative healthy subjects plus 2 standard deviations using PPD as antigen (data not shown). Interestingly, polypeptides 1, 2, 28, 33, 37, 45, and 46 induced both promi- nent B-and T-cell responses, as evident from marked serum IgG levels, lymphocyte proliferation, and IFN-␥ induction. Based on these comparative analyses, immunoreactive polypeptides were grouped into two categories. Specifically, 18 polypeptides inducing predominant T-cell responses (median SI of Ͼ10 and median IFN-␥ of Ն50.0 pg/ml as arbitrary cutoff values) but no significant B-cell (IgG antibody) response (median OD of Ͻ0.402) were designated polypeptides inducing predominant T-cell-mediated immune responses and were referred to as group I. On the other hand, out of 16 polypeptides inducing significant B-cell responses in terms of serum IgG antibody levels (median OD of Ն0.402), 10 were found also to induce substantial levels of T-cell responses (median SI of Ͼ5.0 and median IFN-␥ of Ͼ50.0 pg/ml as arbitrary cutoff values). These polypeptides (group II) were designated polypeptides inducing both antibody and cell-mediated immune responses. The remaining six polypeptides inducing predominant antibody responses alone were not characterized.
The immune responses of selected group I and II polypeptides in the healthy immune population are summarized in Table 2 .
Characterization of group I and group II polypeptides selected on the basis of PBMC response. The SDS-PAGE analysis of group I and group II polypeptides is shown in Fig. 5 . On the basis of reactivity to known MAb/PAb, the immunoreactive polypeptides 36, 38, 43, 70, 2, 28, 31, and 32 were identified as TB 10.4, ESAT-6, CFP-10, GroES, CFP-21, MPT-64, putative Ag85B, and Ag85 A, respectively. On the basis of N-terminal sequencing, polypeptides 28, 31, 32, and 46 were characterized as MPT-64, Ag85B, Ag85A, and CFP-11 (Rv2433c), respectively. The identity of polypeptides 38, 70, 28, 31, and 32 was confirmed as ESAT-6, GroES, MPT-64, Ag85B, and Ag85A by LC-MS/MS of tryptic digests. The immunoreactive polypeptides that were MAb nonreactive, polypeptides 33, 40, 47, 76 and 77, were identified by LC-MS/MS as Rv0831c, Rv0496, Rv0164, Rv 2445c (ndkA), and Rv1827, respectively. Of these proteins, Rv1827and Rv0164 have been recently described as MTSP14 and MTSP17, respectively, by Lim et al. (30) . Others were designated CFP-31, CFP-8, and CFP-14.5 as shown in Table 2 . Interestingly, CFP-8, which showed an apparent molecular mass of 8 kDa by SDS-PAGE (Fig. 5) , was found to have a theoretical molecular mass of 34.08 kDa on the basis of database searches (http://www.ncbi.nlm.nih.gov/BLAST/BLAST.cgi). Polypeptides 1, 45, and 79 were characterized as mixed samples on the basis of LC-MS/MS (Table 2) . Taking the results of molecular characterization into account, this study identified CFP-8 (Rv0408), MTSP17 (Rv0164), ndkA (Rv2445c), MTSP14
(Rv1827), CFP-31 (Rv0831c), and CFP-11 (Rv2433c) as immunodominant human T-cell antigens apart from ESAT-6, TB 10.4, CFP-10, GroES, CFP-21, MPT-64, Ag85B, and Ag85A recognized by PBMCs of the immune population (Table 2 ). MTSP14 (Rv1827), a mycobacterial protein described as a T-cell antigen in this study and in a previous study by Lim et al. (30) , should be considered the same protein as CFP17 identified by Weldingh et al. (55) . Evaluation of purified polypeptides for recognition by PFMCs of tuberculosis pleuritis patients. In order to identify polypeptides prominently recognized by lymphocytes from the site of inflammation, we evaluated pleural fluid mononuclear cell responses of tuberculous pleuritis patients. Another purpose of this recognition study was to detect possible differences in fine specificity for purified low-molecular-mass secretory polypeptides between T lymphocytes of peripheral blood obtained from contacts and recall immunity individuals and T lymphocytes of pleural fluid obtained from tuberculous pleuritis patients. The study identified polypeptides 36, 37, 38, 39, 40, 42, 43, 46, 47, 65, 67, 70, 71 , and 81 as low-molecular-mass polypeptides prominently recognized by T lymphocytes of pleural fluid, taking a mean SI of 10.0 and 500 pg/ml of IFN-␥ released as arbitrary cutoff values (Fig. 6 ). All these polypeptides demonstrated molecular masses below 15 kDa except polypeptide 81 and were also prominently recognized by peripheral blood T lymphocytes of contacts and treated TB individuals. With the exception of polypeptides 67, 71, and 81, all polypeptides were the same as those prominently recognized (group I and group II) by T lymphocytes of peripheral blood of the previous patient groups. These results demonstrate considerable homogeneity in antigenic target recognition by T lymphocytes at two sites.
DISCUSSION
The sequencing of the whole genome of M. tuberculosis H 37 Rv ushered an era of renewed interest in the field of TB prophylaxis and led to the identification of a plethora of putative candidates for vaccine development (17) . However, the practical utility of such candidate antigens as vaccine components requires critical in vitro experimental evaluation in various models of immunity. Studies in the field of proteomics and immunology are essential to obtain functional data, as it will be of great help to analyze information obtained by the genomics approach. Moreover, the proteomics approach has been instrumental in identifying new open reading frames that were not predicted by genomics (25) . Studies involving native proteins rather than recombinant ones are needed, as the latter may lack similar immunogenic characteristics (42) . Therefore, in the absence of an efficient method to predict protective antigens, we evaluated individual polypeptides purified from the immunodominant low-molecular-mass secretory proteome of M. tuberculosis for recognition by lymphocytes of human subjects with protective immunity. In view of the complex nature of the M. tuberculosis H 37 Rv low-molecular-mass proteome and existence of multiple CFPs of overlapping molecular masses, we employed a simple and effective method to purify individual polypeptides with increased precision compared to a multielution technique (2) . The combination of techniques used in the study enabled us to purify multiple polypeptides with yields sufficient for screening in immunoreactivity experiments. Moreover, the polypeptide preparations were found to be nontoxic in preliminary lymphocyte proliferation studies (data not shown), as charged SDS molecules are removed through the dialysis membrane during electroelution (11, 52) . The technique was appropriate for comparative evaluation of individual molecules of complex culture filtrate preparations, reducing the need for laborious methods, such as conventional column chromatographic purification or those relying on two-dimensional separation procedures. However, the precision required for the purification of uncharacterized polypeptides can be increased using a strategy based on preparative isoelectric focusing as the first step, followed by separation according to size in SDS-PAGE, as elegantly described by Covert et al. (19) and others (11, 55) . Moreover, this method also has an inherent lacuna considering that M. tuberculosis CFPs have an extremely narrow pI range. As shown in this study, five different polypeptides from the immunodominant 30-kDa region were purified, despite the limited pI heterogeneity. These polypeptides include Ag85A from 50 mM, Ag85B from 100 mM (both react with IT-49), CFP-31 (Rv0831c) from 100 mM, CFP-32 (reacts with IT-44) from 200 mM, and CFP-33 (reacts with IT-59) from the 350 mM NaCl gradient pool. Similarly the separation obtained by combining the techniques used clearly demonstrates the efficient resolution of polypeptides with similar molecular masses.
Presumably, the best candidate vaccine antigens would be those recognized by T lymphocytes of healthy TB contacts or healed TB patients but not recognized by those of active pulmonary TB patients (12, 21, 43, 59) . Hence, we started the present study by characterizing purified polypeptides on the basis of the peripheral blood lymphocyte responses of these immune categories using human subjects. In agreement with previous reports that screened human lymphocyte responses using narrow-molecular-mass secreted antigen fractions (12, 20) , it was observed that T cells from healthy contacts and treated TB patients recognize multiple targets from the lowmolecular-mass secretory proteome with a trend toward stronger recognition of molecules below 15 kDa. The predominant T-cell responses to low-molecular-mass proteins may be due to their small size, which renders them more susceptible to pro- teolytic degradation, processing, intracellular trafficking, and presentation (8, 46) . Low-molecular-mass polypeptides have also been shown to be strongly recognized by T lymphocytes of mouse models of memory immunity (3, 13) . The prominent recognition of low-molecular-mass polypeptides (Ͻ15 kDa) by T lymphocytes of treated TB patients, a memory immune population, observed in this study is consistent with these findings. Antigen repertoire recognition and the magnitude of blood lymphocyte responses against these antigens were found to be more or less similar in the two immune categories, i.e., healthy contacts and memory immune individuals. Hence, responses of these two categories to the 104 polypeptides screened were not expressed separately. In recognition of the role of antibodies in protective responses against intracellular pathogens (14, 15, 16, 49) and the requirement of balance between Th1 and Th2 responses rather than a biased Th1 or Th2 response (38), we estimated antigen-specific IgG levels in the serum of the immune population. The antibody responses evaluated against purified polypeptides were found to be most notably against the polypeptides in the region of 30 to 40 kDa. These observations can also be justified in light of similar studies using chromatographically separated protein pools and sera from healthy contacts. In the studies most of the polypeptides above 30 kDa showed prominent seroreactivity. It was not surprising to observe greater antibody responses to higher-molecularmass antigens since a direct relationship between molecular mass and antibody response has been reported earlier (8, 26, 27) . To detect possible differences in the specificity of mycobacterial antigens between T lymphocytes from peripheral blood and from the site of infection, we investigated the pleural fluid lymphocyte responses of tuberculous pleurisy patients. To our surprise, considerable homogeneity in the recognition of multiple low-molecular-mass polypeptides below 15 kDa by T lymphocytes of pleural effusion and peripheral blood of the immune patients studied was observed. It is tempting to speculate that this homogeneity may be due to migration of antigenspecific lymphocytes at the site of infection from the peripheral blood of tuberculous pleurisy patients. However, pleural exudates and peripheral blood-derived lymphocytes of tuberculous pleurisy patients have been previously shown to differ both in phenotype and in fine specificity for mycobacterial antigens (31) . The observations made in the study were surprising in the context that immune functions at the site of tuberculous infection are considered to be differentially regulated, and blastogenic responses in pleural mononuclear cells are preserved even in the face of cutaneous tuberculin anergy and inhibition of blood mononuclear cell responses (10) . The characterization of antigens recognized by lymphocytes from peripheral blood and pleural fluid revealed the presence of many new targets in the culture filtrate. Rv1827, Rv1626, Rv3875, Rv3418c, Rv1980c, Rv1886c, and Rv3804c, which have been defined as potent T-cell antigens in an earlier study employing proteomics and a mouse model of infection (19) , were also identified as dominant human T-cell targets in the present study. Our study confirmed the immunodominance of the ESAT-6 family members for induction of a Th1 response. Considering the proposed role of the ESAT-6 family proteins in virulence and pathogenesis (24, 29, 36, 53, 54) , it will be interesting to evaluate targets identified on the basis of immune recognition in this study for their immunoprotective potential in direct vaccine experiments, which will also validate the utility of the patient population used in the study. Of special note, the Ag85 complex proteins, which were previously shown to be recognized by the PBMCs of healthy tuberculosis contacts (50) and by PFMCs of tuberculous pleurisy patients (31) in countries of nonendemicity, were found to be subdominant in this study when T-cell responses of the blood were taken into consideration. Both Ag85A and B were found to induce substantial levels of antibodies in healthy tuberculosis contacts and were evident from immunoblotting experiments with chromatography protein pools using healthy contact sera. The Ag85 complex is a conserved protein complex having the mycolyl transferase activity required for cell wall biosynthesis of all mycobacterial species (9) . It has already been reported that environmental mycobacteria have a direct antagonistic influence on the Th1 response and can skew the immune response toward the Th2 direction (40) ; however, the precise mechanism of this interference is still unknown. High serum antibody levels and subdominant T-cell responses against Ag85 complex antigens in a scenario of endemicity (observed in this study) can be explained on the basis of preexposure and the high environmental burden of saprophytic mycobacterial species diverting Ag85 complex-specific cellular immune response toward a humoral type. Interestingly, Ag85 complex antigens have been reported to be prominently recognized by thoracic lymph node cells of memory immune mice (18) and bronchoalveolar lavage (BAL) cells of active pulmonary TB patients (45) . Moreover, the proportion of Ag85-reactive BAL cells was found to be high in the lungs of healthy TB contacts (44) compared to ESAT-6, the antigen that was prominently recognized by blood T lymphocytes (37) . Considering this fact, it will be interesting to evaluate polypeptides purified in this study for recognition by BAL cells to find diversity, if any, in antigen recognition at the level of blood and lungs. We are currently evaluating BAL cell responses to purified low-molecular-mass polypeptides in order to decipher the antigen specificity for lymphocytes at the actual site of disease. It will be of great help to come to a logical conclusion regarding molecules that have relevance for human immunity to TB and the development of a new generation of efficacious vaccines.
